Lactoperoxidase-catalyzed radioiodination of cell-surface proteins was used in the isolation of cellsurface immunoglobulin from thymus-derived thoracic duct lymphocytes activated to histocompatibility-2 antigens. Immunoglobulin was identified by specific precipitation with antiserum to mouse immunoglobulin prepared in the rabbit and mouse immunoglobulin. Polyacrylamide gel electrophoresis of reduced and alkylated precipitates showed that the immunoglobulin molecules possessed I-type heavy chains and light chains. Cell-surface immunoglobulin isolated from thymus-derived cells activated to histocompatibility-2 antigens possessed binding specificity for the activating antigens.
The ability of antisera to immunoglobulin to inhibit the immunocompetence of lymphocytes has been considered to provide evidence that specific interaction of these cells with antigen is mediated by immunoglobulin-like receptors located on the cell surface (1) (2) (3) (4) (5) (6) (7) . Such studies, however, do not exclude the possibility that receptor sites are not immunoglobulin in nature but are situated sufficiently close to immunoglobulin molecules for antibodies directed against immunoglobulins to block, by steric hindrance, the access of antigen to receptor sites. This objection would be obviated if it were demonstrated that surface immunoglobulin extracted from lymphocytes specifically reactive to a certain antigen could bind specifically to that antigen. Such an approach has become feasible because lactoperoxidase (EC 1.11.1.7)-catalyzed radioiodination (8) of cell surface proteins (9) (10) (11) has enabled the isolation and partial characterization of surface immunoglobulin molecules from thymus-influenced (T) lymphocytes (12, 13) and bursa or bone-marrow-derived (B) lymphocytes (11) (12) (13) (14) . This sensitive technique provides a means of testing directly whether lymphocyte surface receptors for antigen are immunoglobulins.
T lymphocytes serve as effector cells in cell-mediated immune responses and act as "helper" cells in enabling B lymphocytes, the precursors of antibody-secreting cells, to synthesize and secrete antibodies to certain antigens (15) .
Because T lymphocytes do not secrete antibody in the classical sense they are theoretically more suitable than B lymphocytes for determining whether cell-surface immunoglobulin functions as an antigen receptor. In addition, techniques are available for generating, in the absence of antibody-secreting cells, large numbers of T cells reactive to a specific antigen (16, 17) .
In this report we describe the isolation of surface immunoglobulin molecules from a highly enriched population of T lymphocytes activated by histocompatibility (H)-2 antigens in vivo. These cells were obtained from thoracic duct lymph of heavily irradiated F1 hybrid mice injected with parental thymus lymphocytes. The immunoglobulin molecules were isolated under physiological conditions that permitted antigen-binding studies to be performed with the isolated molecules. The results indicate that the surface immunoglobulin of H-2-activated T cells possesses specificity for the activating antigens that parallels the functional activity of the cells.
MATERIALS AND METHODS
Cell Preparations. Populations of H-2-activated, thymusderived, thoracic duct lymphocytes were obtained by the the method of Sprent and Miller (17) . Briefly, 3-month-old (CBA x C57BL)F1 or (CBA x BALB/c)F1 mice were injected intravenously with 2 X 108 CBA thymus cell's within 2 hr after receiving 750 R total body irradiation. 4 Days later the thoracic ducts of the mice were cannulated, and lymph was collected over the first [12] [13] [14] [15] [16] hr of drainage. 95-100% of thoracic-duct lymphocytes obtained in this way are cells of donor-thymus origin. Such preparations contain less than 0.3% B lymphocytes (17) . Suspensions of normal CBA/H/Wehi, BALB/c, or C57BL thymus cells were prepared as described (11, 12 (9) , except that the total reaction volume was 50 Al. We have previously shown that this technique iodinates cell-surface proteins exclusively but does not affect the viability of the cells (9) .
After iodination the cells were incubated under short-term cell-culture conditions for 2-6 hr as described (13, 18) . Under these conditions cell-surface proteins, including immunoglobulin, are released into the cell-culture medium (13, 18) . Aliquots were removed at intervals and centrifuged at 40 at 1500 rpm (500 X g) for 10 min, and the supernatants were retained. Radioactive cell-surface immunoglobulin was isolated from the supernatants by specific coprecipitation with antiserum against mouse immunoglobulin prepared in rabbits and purified mouse IgG as carrier (12, 13 Resolution of Cell-Surface Immunoglobulin into Polypeptide Chains. Precipitated immunoglobulin was dissolved in 9 M urea and reduced and alkylated to cleave interchain disulfide bonds (19) . Reduced and alkylated samples and immunoglobulin markers were resolved into polypeptide chains by disc electrophoresis in acid urea (20) .
Antigen-Binding Assays with Cell-Surface Proteins. 100 JI of cell-surface protein supernatants were mixed with 1 X 107 allogeneic or syngeneic thymus cells suspended in 100 ml of Eisen's balanced salt solution and 10% fetal-calf serum (Commonwealth Serum Laboratories, Melbourne, Australia). The cells were then incubated for 3 hr at 40 and washed 5-6 times with the same solution. The amount of radioactivity in the cell pellet was determined.
Statistics. P values were calculated by a modified Student's t-test for small samples (21) .
Isolation and Turnover Rate of T-Cell Surface Immunoglobulin. Surface proteins, including immunoglobulins, are continually synthesized and released by living lymphocytes (12, 13, 18, (21) (22) (23) (24) . Accordingly, to recover surface immunoglobulin molecules under gentle conditions in a state suitable for antigen-binding analysis, we isolated proteins released from the cell surface by membrane turnover (13) . 108 Activated T cells were iodinated with 125I in aliquots of 107 cells. The radioiodinated cells were incubated for various intervals in tissue culture medium and then discarded after centrifugation. The supernatants were retained. Immunoglobulin was detected in the supernatants by specific precipitation. After at least four washes, counts in '25I-labeled surface proteins precipitated by antiserum to mouse immunoglobulin prepared in rabbits were 6-to 10-fold higher than counts precipitated by normal rabbit serum, and 4-to 7-fold higher than counts precipitated by limulus hemocyanin-anti-hemocyanin or bovine serum albumin-anti-bovine serum albumin, for cell-culture supernatants obtained after 2-6 hr incubation. The difference in the amount of radioactivity specifically and nonspecifically precipitated for 4-6 replicate samples was highly significant (P < 0.001). The quantity of radioactive material in the supernatant that was precipitable by antiserum to immunoglobulin increased linearly for 6 hr. The amount of immunoglobulin precipitated after 6 hr corresponds to about 8% of the iodinated macromolecular material released by the cells, as estimated by gel filtration of supernatants on Sephadex G-25.
Polypeptide Chains of Activated T-Cell Surface Immunoglobulin. The type of polypeptide chains present in the specifically coprecipitated immunoglobulin obtained from T lymphocytes from thoracic ducts was ascertained by gel electrophoresis in acid urea. As may be seen in Fig. 1 , surface immunoglobulin from T lymphocytes from thoracic ducts Analysis of polypeptide chains of immunoglobulin isolated from the surfaces of BALB/c-activated T lymphocytes by disc electrophoresis in acid urea. Surface iodinated T lymphocytes were incubated in tissue culture medium for 3 hr at 37°. The cells were centrifuged and the supernatants were retained for precipitation. The precipitates were dissolved in 9 M urea, reduced, and alkylated. The bars indicate the positions of polypeptide chains from purified immunoglobulins that were used as standards:
MA, A-chain, ay, -y-chain, L, light chain. 5% acrylamide was used.
Background radioactivity resulting from electrophoresis of material brought down by normal rabbit serum has been subtracted from each point. The electrophoretic pattern of counts precipitated by the heterologous precipitating system (limulus hemocyanin-anti-hemocyanin) was indistinguishable from background. Polyacrylamide gel electrophoresis of counts precipitated by normal rabbit serum or heterologous precipitations gave no components that did not fall within the range of background variation. For this reason, normal rabbit serum was used as a control in further studies.
Antigen-Binding Specificity of Activated T-Cell Surface Proteins. To determine whether cell-surface proteins isolated from T lymphocytes from thoracic ducts possessed specificity for the activating antigens, ln2I-labeled cell-surface proteins obtained from T lymphocytes activated either by C57BL or BALB/c antigens were incubated separately with either CBA, C57BL, or BALB/c thymus lymphocytes. The cells were washed repeatedly after incubation, and radioactivity on the cells was monitored after each wash. A plot of the loss of radioactivity from the cells against number of washes yielded biphasic curves. The first phase consisted of rapid exponential attrition and was followed by a phase in which radioactivity bound to the cells decreased only slightly upon further washing. (27, 28) or virus-labeled (29) antisera to mouse immunoglobulin. The possibility that the IgM-type immunoglobulin was derived from a contaminating population of B lymphocytes must be considered in some detail. The population of activated thymus lymphocytes contained a maximum of 0.3% B lymphocytes (17) . The amount of surface immunoglobulin isolated from T lymphocytes is similar to that amount isolated by metabolic turnover or acid-urea extraction from various T-and B-lymphocyte populations (12, 13). Therefore, the iodination conditions described here allow the isolation of comparable amounts of surface immunoglobulin from T cells and B cells (13) . Since cell-surface immunoglobulin released from activated T cells is not cytophilic for syngeneic T or B lymphocytes (Table 1; and Feldmann, Cone, and Marchalonis, submitted for publication) the molecules could not have been absorbed from an exogenous source. In addition, secretion products of plasma cells would not be detected in this system (30) . Taken together, these observations make it unlikely that the immunoglobulin studied was derived from a very small number (about 3 X 104) of B lymphocytes. The fact that the binding specificity of the isolated molecules parallels that shown by the activated cells (17) supports further the contention that these molecules are derived from T lymphocytes from thoracic ducts.
Moreover, several quantitative arguments can be marshalled to discount the possibility that the specific immunoglobulin originated in contaminating B cells. The first relates to the level of sensitivity of the combined radioiodination-precipitation approach to detect immunoglobulin. Surface immunoglobulin from 107 B cells can readily be isolated and identified (13) . Such cells possess about 105 molecules per cell (13) , so the assay can detect 1012 molecules of immunoglobulin routinely. It might be possible to detect an order of magnitude fewer molecules with some difficulty, and we will take this level as our minimum threshold of detectability. Since it has been suggested that T cells contain fewer than 400 immunoglobulin molecules per cell (31), these cells would be negative in attempts to isolate surface immunoglobulin (32) . The number of immunoglobulin molecules present in 107 thymus cells, as described here, would be the product of the number of cells (107) times the frequency of B cells (3 X 10-s) times the number of immunoglobulin molecules per B cell (105), which is 3 X 109 immunoglobulin molecules. This number falls nearly two orders of magnitude short of the minimum level of detectability. The second quantitative point to be discussed is that 40% of the detected immunoglobulin of T lymphocytes possessed binding specificity for the cells used in the activation process. This would require the highly unlikely situation in which close to 50% of the contaminating B cells showed the same specificity. In contrast, at least 20% of the T-lymphocyte populations used in this study can be specifically activated by the histocompatibility antigens used in the initial activation (25) . The third factor stems from the possibility that B cells, in the absence of relatively large amounts of other B cells, may be stimulated to display inordinately large amounts of surface immunoglobulin. The above calculations indicate that such B cells, if they constitute only 0.3% of the cell molecules per cell. It is possible, by use of the dimensions of the IgG immunoglobulin molecules as determined by crystallographic methods (33) , to calculate the maximum number of immunoglobulin molecules present on the surface of a lymphocyte. The IgG molecule is T-shaped with a horizontal length of 14.5 nm (145 X) (FAB2) and a height of 10.7 nm (107 A) (33) . The immunoglobulin is probably bound to the cell surface via its Fc piece (12, 34) . Therefore, in order for cell-surface immunoglobulin molecules not to collide with each other, each one would require a circle of area of diameter slightly greater than the FAB2 distance. This area is about 300 nm2 (3 X 104 A2). Assuming a spherical shape and a typical diameter of 15 um for a lymphocyte, the surface area of the cell computes to be about 6 X 108 nm2 (6 X 1010 !k2).
Thus, the maximum number of immunoglobulin molecules that will fit on one lymphocyte is in the range of 106. Furthermore, the calculation assumed that the lymphocyte was naked except for immunoglobulin molecules, whereas the fact of the matter is that lymphocytes possess large numbers of other surface molecules such as histocompatibility antigens and receptors for mitogens such as concanavalin A (>106 receptor per cell; ref 35) . Based on analysis by Allan and Crumpton (36) , lymphocyte membrane protein comprises 0.04-0.05% of the dry weight of the cell or about 2 to 3 X 10-10 mg per cell. Assuming that IgM-type surface immunoglobulin has a molecular weight of 180,000 (12) (13) (14) , 1 X 107 molecules would be about 3 X 10-9 mg of proteins, or 10-fold more protein than is present in the lymphocyte membrane. The approximate nature of these calculations must be admitted. However, based on spatial and mass considerations, it is evident that a super B cell would have to contain a number of surface immunoglobulin molecules that exceeds the theoretical limit.
The mode of action of cell-surface immunoglobulin in cell-mediated immunity is unknown. It is probable that these molecules serve as the receptors that enable activated lymphocytes to recognize foreign antigenic determinants. We have suggested (18) that the union of antigen with receptor may retard or inhibit the release of cell-surface immunoglobulin. This event may cause conformational changes in membrane proteins that initiate cell differentiation. Antigen contact with activated cells, in contrast, might perpetuate the activated state and the synthesis and secretion of pharmacologically active molecules thought to be involved in cellular immunity (37) . Moreover, contact between an activated cell and its target cell held in close juxtaposition by surface immunoglobulin receptors would facilitate the effect of pharmacologically active agents that might have a short radius of action. Since cell-surface immunoglobulin on activated and nonactivated cells is continually synthesized and released from the surface, it is reasonable to presume that the released immunoglobulin serves some immunological function. At the present time, this role is problematic.
In 1900, Ehrlich postulated that antibody-forming cells recognized foreign antigen determinants by means of antibody-like receptors on the cell surface (38) . The demonstration that antigen-specific immunoglobulin can be isolated from the surface of H-2 activated T lymphocytes, taken in conjunction with studies showing that the functional activity of T cells may be inhibited by anti-immunoglobulin reagents (4-7), provides experimental support for Ehrlich' 
